Nanotubular oxide layer of TiO 2 was fabricated by electrochemical anodization of Ti-24Nb-4Zr-8Sn alloy in electrolyte containing water, glycerin and ammonium fluoride. Physicochemical characterization was performed in order to evaluate the structural and chemical properties of obtained layer. Variable parameters such as voltage (10 V, 20 V and 30 V) and anodization time (10 min and 40 min) were applied to determine the influence of those factors on the morphology and chemistry of fabricated titania nanotubes. Scanning electron microscopy was used to assay the architecture of obtained nanotubular layer and the impact of anodization parameters on the produced structure. Chemical and structural analysis were conducted by energy dispersive X-ray spectroscopy coupled with scanning electron microscope and X-rays diffraction technique. Obtained results allowed to declare that morphology of the nanotubes depends on voltage applied and duration of the anodization. For higher voltage applied, the nanotubes with bigger diameter are obtained. For layers fabricated at 10 and 20 V, increase in anodization time results in obtaining more homogeneous oxide structure (the diameter distribution is narrow) as well as decrease of characteristic dimensions values (wall thickness and diameter). For structures anodized with 10 V, the average nanotubes diameter was 38 nm while for layer fabricated with 30 V, the average diameter was 101 nm. The most uniform nanotubular structure was fabricated by anodization at 20 V for 40 min. Chemical analysis revealed presence of such elements as titanium, oxygen, niobium and tin. However, thickness of the nanotubular oxide layer is about hundreds of nm, therefore additional examination need to be done to determine whether the nanotubes contains alloying elements (Nb or Sn) or the signal comes from the substrate. In general, the chemical composition of the anodized nanotubes corresponds to the composition of the substrate Ti2448 alloy.
INTRODUCTION
Electrochemical anodization is a simple and versatile technique to produce ordered porous oxide layers on the surface of various metallic materials. Self-organized porous structures have been so far successfully obtained via electrochemical method, i.e. on aluminum [1, 2] , zirconium [3, 4] , titanium [5, 6] and niobium [7, 8] . The anodization process consists of two simultaneously occurring steps: formation of compact oxide layers on the surface of the substrate and its selective chemical dissolution. The morphology and properties of obtained nanotubes depend on numerous process parameters. The key factor controlling the tube diameter is the anodization voltage; generally, for higher voltage applied the nanotubes with bigger diameters are obtained [9, 10] . Water content in the electrolyte influences the growth rate and the dissolution speed of the layer. Nanotubes with smooth walls are obtained in electrolytes with low water concentration, while ripples on the walls are formed for higher water content [11, 12] . As far as height of nanotubes is concerned, for increasing the anodization time thickness of the oxide layers increased.
Not only pure metals can be anodized, but the alloys as well. For example in the same way, titanium alloy can be modified to produce nanotubular layers and to improve the properties of the surface. Single-phase alloys are preferred over two-phases ones for obtaining nanotubes because multiple phase materials often suffer from selective dissolution [13, 14] . Over the last couples of years, beta titanium alloys have gained increasing popularity as a very important class of materials. They possess a good combination of high strength, low density, and good corrosion resistance as well as exhibit great processability. Beta alloys maintain the beta structure upon quenching from the beta phase field and contain enough beta stabilizing elements to avoid formation of the martensite, due to avoiding cooling through the martensite start line. The two types of beta stabilizers are known as eutectoid and isomorphous. The isomorphous stabilizers include Mo, V, Ta and Nb and the eutectoid stabilizers include Cr, Mn, Fe, Co, Ni and Cu. Depending upon the amount of stabilizers present in an alloy, the alloy will be a metastable or stable beta Ti alloy [14÷16]. It was found that Ti-Nb alloy allows to obtain nanotubes over wider range of tube dimensions in comparison to pure Ti. Nanotubes anodized on Ti-Nb alloy can be fabricated with length in the range from 0.5 to 8 µm and diameter from 3 to 120 nm. It has been reported that great impact on the length of the nanotubes fabricated on Ti alloys has zirconium. The length is directly proportional to the content of Zr and it can be additionally controlled by applied voltage, as well as diameter of the nanotubes. The chemical composition of the anodized nanotubular oxide structure fabricated on an alloy corresponds to the composition of the substrate alloy [10, 14] .
In this paper, the nanotubular oxide layer was fabricated by electrochemical anodization of Ti-24Nb-4Zr-8Sn alloy in glycerinbased electrolyte containing fluoride ions. Physicochemical characterization was performed in order to evaluate the structural and chemical properties of obtained layer. Variable parameters such as voltage and anodization time was applied to determine the influence of those factors on the morphology and chemistry of fabricated titania nanotubes.
MATERIAL AND METHODS
For the investigation, the Ti2448 alloy (Ti-24Nb-4Zr-8Sn, wt %) with a single β phase was used in the form of plates with thickness of 0.4 mm. All samples were ultrasonically cleaned with acetone, ethanol and deionized (DI) water, respectively, and then dried in air. Nanotubular oxide layers were fabricated by electrochemical anodization using polar organic electrolyte based on glycerol (52 wt %), DI water (47.14 wt %) and ammonium fluoride (0.86 wt %). A direct current (DC) power supply was used to keep the voltage at a constant value (10, 20 and 30 V) for a set amount of time (10 and 40 min). After anodization process, the samples were rinsed with DI water and dried in air. Thermal annealing was performed at 450°C for 3 h to obtain mechanically stable nanotubes well integrated with the substrate.
The morphology of the obtained nanotubular oxide layers were examined by a scanning electron microscope (SU-8000, Hitachi). The specimens were attached to the table using a conductive carbon tape to increase the amount of electric charges flowing. Observation was done at acceleration voltage of 5 kV and a current of 10 µA. The chemical compositions of the fabricated nanotubes were analyzed by energy dispersive X-ray spectroscopy (EDS) coupled with scanning electron microscope. X-rays diffraction (XRD) using Cu K α radiation (λ = 1.54 Å) was performed to evaluate the structural properties of the nanotubes. Diffraction patterns were recorded within 2θ angle between 10° and 100°. ImageJ software was used in order to estimate characteristic dimensions of the nanotubes, i.e. diameter, wall thickness and length. Statistics was performed based on images selected from different areas of the layer; 50 measurements were made for each sample.
RESULTS AND DISSCUSSION
In order to reveal the morphology and estimate characteristic dimensions of nanotubular structures fabricated by electrochemical anodization SEM observation was performed. Figure 1 shows SEM micrograph of nanotubular oxide layers obtained at constant voltage of 10 V. Nanotubes (NT) possess regular shape and ordered structure, there are areas of fully formed tubes as well as places with initial stage of their formation. It has been shown that ripples on the walls of the NT are formed. The average values of characteristic dimensions of the nanotubes were calculated and the results are presented in Table 1 . For the NT fabricated at 10 V for 10 min the average diameter was 43 nm and the wall thickness was 11.2 nm, while for the structures manufactured at 10 V for 40 min the characteristic dimensions decreased -the average diameter was 38 nm and the wall thickness was 10.3 nm. In Figure 2 distribution of the values of tubes diameter obtain at constant voltage of 10 V for 10 and 40 min are shown. Longer time of anodization results in obtaining more homogeneous nanotubular structure as the range of values distribution is narrow. In Figure 3 
entire surface of the sample. There are ribs on the wall of the nanotubes (Fig. 3c) . For the layers fabricated at 20 V for 10 min the average tube diameter was 66 nm and the wall thickness was 11.7 nm, while for the structures obtained at the same voltage for 40 min the characteristic dimensions decreased and the average diameter was 54 nm and the wall thickness was 9.5 nm. Figure 4 presents the distribution of the diameter of the nanotubes fabricated at constant voltage of 20 V for 10 and 40 min. Similar as in the case of layers formed at 10 V, increase in anodization time results in narrow diameter distribution and obtaining more homogeneous oxide structure. Figure 5 presents micrograph of nanotubular oxide structures manufactured at constant voltage of 30 V. The obtained nanotubes still possess regular spherical shape; however, they lose their ordered arrangement. For the NT fabricated at 30 V for 10 min the estimated average diameter was 61 nm, whereas for the structures fabricated at 30 V for 40 min the values of measured dimensions increased and the average diameter was 101 nm and the wall thickness was 10.7 nm. The structures obtained at 30 V for 10 min did not possess fully formed nanotubular structure, the layer was porous therefore it was impossible to estimate the wall thickness. In Figure 6 distributions of the values of tubes diameter obtain at constant voltage of 30 V for 10 and 40 min are shown. Interestingly, longer time of anodization results in this case in obtaining broader distribution of the pore diameter. However, it should be emphasized that the structures anodized for 10 min did not form fully nanotubular structure but the porous ones. Figure 7 presents structures fabricated at 20 V and 30 V for 10 min. Such short time of anodization is not enough to obtain fully ordered nanotubes; in the micrographs the areas of initial stage of NT formation are clearly seen.
The most uniform nanotubular oxide structure was obtained by anodization at constant voltage of 20 V for 40 min. The decrease of characteristic dimensions values of the nanotubes with increasing fabrication time can be explained by the NT formation mechanism. In general, the process of formation of the nanotubes by electrochemical anodization can be divided into four stages. At first, a dense barrier oxide layer is formed. The following second step is selective chemical dissolution of oxide leading to formation of cylindrical nanopores. The next stage is creation of a bilayered structure with nanotubes covered by the nanoporous layer. The last step is dissolution of the nanoporous layer which results in obtaining fully ordered nanotubular structure [17, 18] . In the micrographs presenting sample fabricated at 20 V for 10 min a typical structure with nanoporous layer (Fig. 7, area 2 ) covering the nanotubes (Fig. 7 , area 1) can be observed. For the layer manufactured at 30 V, after 10 min of anodization structure with cylindrical nanopores is clearly visible (Fig. 7) . In the initial stages of nanotubes formation, the values of average wall thickness and diameter of the oxide structures are higher as they are influenced by nanoporous layer which is in the next steps dissolved to form thin wall of ordered nanotubes. Table 2 . In comparison to the chemical composition of the alloy before electrochemical treatment, the anodized layer has a higher content of oxygen and lower content of titanium.
The differences in content of alloying elements are not significant given that the depth of EDS analysis exceeds the layer thickness therefore the signal is disturbed by the substrate. Due to limitation of this method further investigation of the fabricated nanotubular layer need to be done to confirm its exact chemical composition. However, the obtained EDS results allow to indicate that chemical composition of the anodized nanotubes corresponds to the composition of the substrate (Ti2448 alloy).
In order to examine the phase composition of the anodized layer, X-ray diffraction analysis was carried out. Examination was performed for the sample with the most uniform structure fabricated at 20 V for 40 min. The diffraction pattern obtained for annealed structure is presented in Figure 8 . As-anodized layer possess an amorphous structure which changed into crystalline form after annealing in 450°C. In the diffraction pattern peaks from titanium β phase coming from the substrate can be clearly distinguished as well as peaks from titania which derived from the oxide layer. The obtained crystallographic form of the titanium oxide was anatase. This results corresponds to the conclusion found in the literature demonstrated that as-formed titania nanotubes usually possess an amorphous structure which can be converted to anatase at temperature higher than approximately 280°C or a mixture of anatase and rutile at temperature higher than 450°C [19] . Ghicov et al. reported that elements such as niobium significantly increases the temperature of the crystalline transformation from anatase to rutile and shifts the temperature of structural collapse to a higher value. Therefore, the anatase-rutile transition in the Ti2448 alloy can take place at a higher temperature that in the in pure TiO 2 nanotubes [20] .
CONCLUSIONS
Anodic oxidation of the β-phase titanium Ti2448 alloy in a glycerol based electrolyte containing a suitable amount of fluoride ions leads to formation of a porous oxide layer in the form of nanotubes. The as-obtained nanotubular layer possess ordered structure and their growth is perpendicular to the substrate's surface. It has been shown that ripples on the walls of the NT are formed. The morphology of the nanotubes depends on voltage applied and duration of the anodization. For higher voltage applied, the nanotubes diameter is higher. For layers obtained at 10 and 20 V, increase in anodization time results in narrow diameter distribution and obtaining more homogeneous oxide structure as well as decrease of characteristic dimensions values (wall thickness and diameter). The most uniform nanotubular structure was fabricated by anodization at 20 V for 40 min. The chemical composition of the anodized nanotubes corresponds to the composition of the substrate Ti2448 alloy. Annealing in 450°C results in obtaining crystalline structure in form of anatase.
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